Abstract: We present models of new physics that can explain the muon g − 2 anomaly in accord with the assumption that the only scalar existing at the weak scale is the Higgs, as suggested by anthropic selection. Such models are dubbed "charged see-saw" because the muon mass term is mediated by heavy leptons. The electroweak contribution to the g − 2 gets modified by order one factors, giving an anomaly of the same order as the observed hint, which is strongly correlated with a modification of the Higgs coupling to the muon.
Introduction
The Higgs mass naturalness problem and the observed deviation of the muon anomalous magnetic moment a µ [1] from its SM prediction [2] has attracted a lot of attention. (See [3] [4] [5] for thorough reviews of the theory situation and possible new physics solutions.) Supersymmetric models could nicely explain both issues. But the recent negative results of the LHC searches cast doubts on the naturalness of models like the CMSSM [6] [7] [8] [9] . and disfavor their sparticle spectra preferred by the a µ anomaly within global fits [10] [11] [12] . This experimental situation, together with the discovery of an unnaturally small cosmological constant (see [13] and refs. therein), suggests that the hierarchies between the cosmological, weak and gravitational scales could be due to anthropic selection [14, 15] . While there has been considerable interest in this possibility [16, 17] , it is unclear if it can have testable implications. Table 1 . List of new leptons that can couple to the SM lepton doublet L = (ν µ , µ L ) or singlet E = µ R (with the same gauge quantum numbers as L and E ) and to the Higgs doublet H = (0, v + h/ √ 2) (an SU(2) doublet with Y = 1/2). For each new complex field we also add the corresponding conjugate representation: e.g. L is accompanied byL in the2 representation with hypercharge +1/2.
In this paper we assume that:
a) The a µ anomaly [1, 2] ( 1.1) is a real signal of new physics. This means that new light particles must exist not far away from the weak scale.
b) The Higgs mass is small due to anthropic selection. This presumably means that the only elementary scalar at the weak scale is the Higgs doublet: no new elementary scalars are light, because anthropic selection would not demand the fine-tuning necessary for their lightness. For example, the discovery of a massive Z boson at LHC would speak against the anthropic scenario.
We address the following issue: are a) and b) compatible? We will show that new fermions at the weak scale mixed with the muon are technically natural and can explain the a µ anomaly provided that they realize "charged see-saw models", namely models that mediate the muon mass term, because it has the same chiral structure as the muon magnetic moment. The new physics contribution is naturally of the same order as the SM electroweak contribution [18] [19] [20] and consequently of the same order as the observed anomaly. In section 2 we classify the "charged see-saw models", where new heavy leptons contribute to the muon mass. In section 3 we derive generic formulae for one-loop corrections to the muon magnetic moment, taking into account that in such modes the chirality flip can be enhanced by heavy fermion masses. In section 4 we present our results, and in section 5 our conclusions. 
Charged see-saw models
The muon magnetic moment operator has the same chiral structure as the muon mass operator, which in the SM is given by m µ = m H µ ≡ λ µ v where λ µ is the Yukawa coupling in the Lagrangian term
E is the right-handed muon; L is the left-handed muon doublet and H is the Higgs doublet with vacuum expectation value v = 174 GeV:
In view of this connection, we consider scenarios where both the operators
contribute to the muon mass, such that m µ = m H µ + m HHH µ : the muon mass can be due partially or totally to the new term.
Here we classify the "charged see-saw models" where the new fermions mediate the operator O HHH at tree level: there are 6 different possibilities, illustrated in figure 1 , and presented in the rest of this section. Table 1 describes all new fermions present in such models.
Charged see-saw with L and E
The first model (top-left Feynman diagram in figure 1 ) adds to the SM the following interactions between left (L) and right-handed (E) muons with extra vector like lepton 4) and singlets E ⊕Ē :
Notice that this is the most general Lagrangian with the given field content, that L and E have the same quantum numbers as L and E, and thatL andĒ are independent fields whose quantum numbers are opposite to L and E respectively. Integrating out at tree level the heavy fermions gives rise to the following muon mass terms:
A mass mixing arises only in the charged lepton sector
Here and in the following we denote components of SU(2) L multiplets via their electric charge.
Charged see-saw with L 3/2 and E
The middle-left model in figure 1 employs E andĒ (with mass term M E ) and a doublet L 3/2 with hypercharge Y = −3/2 together with the fieldL 3/2 in the conjugated representation and mass term M L :
The Yukawa Lagrangian is:
where is the 2 × 2 asymmetric tensor. The mass mixing among leptons with |Q| = 1 is like in the previous model: 10) consequently also the muon mass terms are the same as in eq. (2.6).
Charged see-saw with L and E a
The top-right model employs, in place of E andĒ , a weak triplet E a with hypercharge Y = 1 plus the corresponding anti-tripletĒ a with Y = −1:
The Lagrangian has the same structure as in (2.5), with modified gauge structure of the relevant interactions such as:
Non-trivial mass matrices arise now in both the charged and neutral sector:
2.4 Charged see-saw with L 3/2 and E a
The middle-right model employs the L 3/2 fields of eq. (2.8) together with the E a and E a fields of eq. (2.11). The Lagrangian is again analogous to (2.5), with modified gauge structure of the relevant interactions:
14)
and lead to a mass mixing for charged as well as for doubly charged fields: 
Charged see-saw with L and N
The model in bottom-right position employs a L together with a right-handed neutrino N (like in type-I see-saw models [21] [22] [23] [24] [25] ). It has two problems:
i) It generates the muon mass operator (LH)E(H † H * ) which vanishes due to the antisymmetric SU(2) contraction in the second term. No muon mass term is generated, but still the model can generate at one-loop level a muon magnetic moment.
ii) It generates neutrino masses. This can be prevented by assuming two right-handed neutrinos N andN with Dirac mass term M NN N + h.c. Unlike in the previous models this structure is not demanded by electroweak gauge invariance: it can be obtained demanding conservation of lepton number, which is no longer an accidental symmetry.
Thus we consider the following lepton-number conserving Lagrangian:
(2.17) that gives rise to the following mass mixing only among neutral fermions
and consequently does not yields any correction to the muon mass: m HHH µ = 0.
Charged see-saw with L and N a
Finally, the bottom-right model in figure 1 employs L together with N a , an SU(2) triplet with zero hypercharge (like in type-III see-saw models [26] [27] [28] ). As in the previous model, it is necessary to addN a and conservation of lepton number obtaining Dirac mass terms
Decomposing into components
gives the following charged and neutral mass matrices:
(2.21) The resulting see-saw contribution to the muon mass is m HHH
The statesN + and N − have been omitted from the mass matrix M ± because they have opposite lepton number with respect to the other states with the same charge, so they do not mix with the other states and will play no rôle in the following.
Computing the muon anomalous magnetic moment
This section describes the technical details of the computation of the one-loop contribution to the anomalous magnetic moment, fully determined in terms of the mass matrices for the charged states and the neutral states listed in the previous section, together with their gauge couplings. The main points will be summarized in the next section, where we will present the results.
Gauge interactions
Here we list the explicit values of the gauge couplings of the various fields present in all 6 see-saw models needed for computing their contribution to the muon a µ .
We start with the interactions with the Z boson of fields with electric charge |Q| = 1. We describe such fields, generically denoted as χ 
where c W = cos θ W , s W = sin θ W , θ W is the weak angle, and the explicit values for the couplings are
Next, we need the W couplings between neutral fields N i and charged fields χ ± i , as well as between charged and doubly charged fields ρ ±± i . We write them again in terms of left-handed Weyl spinors in the flavor basis N i , χ
Here we list the non-zero couplings among the multiplets present in all the charged see-saw models: Table 2 . Couplings of muons to other fermions and to the Z, W, h bosons in the L ⊕ E model. Without loss of generality, we have set the phases of the masses and couplings to zero, with the exception of λ LE .
Mass eigenstates
Next, we diagonalize the mass matrices finding the neutral, charged and doubly-charged mass eigenstates,N i ,χ i andρ i respectively in terms of the interaction eigenstates N i , χ i , ρ i :
Switching to a four-component notation, grouping the fields into neutral, charged and doubly charged Dirac spinors, the gauge boson couplings in the mass eigenstate basis become Although we will perform an exact numerical diagonalization we point out that analytical approximations can be obtained by performing a perturbative diagonalization of the mass matrices in powers of their small o↵-diagonal entries: table 2 summarizes the relevant resulting couplings in the L 0 E 0 model up to the order necessary to compute the leading g 2 e↵ect. Similar results apply to the other models, as all of them have similar mass matrices.
The muon anomalous magnetic moment
The one-loop electroweak contribution to the muon anomalous magnetic moment involving muons coupled to generic neutral fermions N j , charged fermions i and doubly charged fermions ⇢ k is given by the sum of the Higgs loop, Z loop and W loops, as illustrated in fig. 2 :
Notice that the SM electroweak contribution a SM-EW µ is included in the result (because muons and their neutrinos with non-standard couplings to the Higgs are present among the charged and neutral fields) and that, due to electromagnetic gauge invariance, at one loop the photon does not give any new physics contribution. We neglect terms of order m 2 µ /M 2 W,Z,h and terms suppressed by m µ /m F , where m F is a heavy fermion mass. We now give explicit expressions for the various terms, computed from the relevant diagrams in fig. 2. 
Z contribution
The Z loop contribution is 
Although we will perform an exact numerical diagonalization we point out that analytical approximations can be obtained by performing a perturbative diagonalization of the mass matrices in powers of their small off-diagonal entries: table 2 summarizes the relevant resulting couplings in the L ⊕ E model up to the order necessary to compute the leading g − 2 effect. Similar results apply to the other models, as all of them have similar mass matrices.
The muon anomalous magnetic moment
The one-loop electroweak contribution to the muon anomalous magnetic moment involving muons coupled to generic neutral fermions N j , charged fermions χ i and doubly charged fermions ρ k is given by the sum of the Higgs loop, Z loop and W loops, as illustrated in figure 2 :
Notice that the SM electroweak contribution ∆a SM-EW µ is included in the result (because muons and their neutrinos with non-standard couplings to the Higgs are present among the charged and neutral fields) and that, due to electromagnetic gauge invariance, at one loop the photon does not give any new physics contribution. We neglect terms of order m 2 µ /M 2 W,Z,h and terms suppressed by m µ /m F , where m F is a heavy fermion mass. We now give explicit expressions for the various terms, computed from the relevant diagrams in figure 2.
Z contribution
The Z loop contribution is
where
W contribution with neutral fermion
The W loop contribution is 
W contribution with doubly charged fermion
The W loop contribution is
20)
Dimension 6 operators Effects on precision observables
δg µ R = +v 2 c HE Table 3 . Dimensions 6 operators affecting the electroweak precision tests, with their contributions to the Z couplings g = T 3 − Qs 2 W and to the Fermi constant measured from muon decay, G F .
Higgs contribution
We write the Lagrangian coupling between the Higgs h, the muon µ and a charged mass eigenstate χ as
The Higgs couplingsŷ L andŷ R can be derived making the substitution v → v + h/ √ 2 in the mass matrices and rotating to the mass eigenstates; their explicit values in the L , E model are summarized in table 2. Then, the Higgs loop contribution to the muon g − 2 is given by
In the SM the Higgs loop contribution to the muon g − 2 is suppressed by extra powers of m µ /m h with respect to the W and Z contributions, but in general the h, Z and W contributions are comparable.
Results
Before discussing results for the muon magnetic moment, we consider the bounds from precision data, showing that they allow for a new physics contribution to the muon mass, m HHH µ , as large as the muon mass.
Bounds from precision data
The mixing of µ and ν µ with extra charged and neutral states modifies the gauge couplings of the mass eigenstatesμ andν µ to the W and Z vectors. Various electroweak precision observables are affected: the µ lifetime, the forward-backward and left-right asymmetries involving muons; the Z width into µ + µ − and ν µνµ . All such effects can be described integrating out at tree level the heavy fields obtaining the following effective Lagrangian [29] [30] [31] :
where the three relevant operators and their effects are listed in table 3 (in this paper we restrict the effect to muons). By performing a global fit of precision data, including LEP2 [30, 31] , we find the following best-fit values: where ρ is the correlation matrix. The various particles and couplings we considered contribute as:
In each model the total effect is then given by the sum of the contributions of the particles it employs. For example, the L ⊕ E charged see-saw predicts
such that we get the following bounds at 95% C.L. (1 dof):
Inserting such bounds in (2.6) we see that the contribution to the muon mass generated by the higher dimensional operator can be as large as the observed muon mass:
Assuming that all the various couplings are perturbative (for definiteness smaller than unity) the heavy leptons must be lighter than a few TeV in order to give a m HHH µ comparable to m µ . Similar results apply in the other models.
The muon magnetic moment
As the RGE mixing between O HHH and the muon magnetic operator happens to vanish, one needs to consider the model-dependent one-loop corrections to the muon magnetic moment: this technical computation was performed in section 3.
The key difference with respect to similar computations in similar models with heavy leptons which found negligible new-physics contributions to a µ (see [32, 33] and refs. therein) are the terms enhanced by the helicity flip on the heavy fermion mass, namely those terms multiplied by the functions G in eqs. (3.13), (3.16), (3.19), (3.23) . Such terms are present because we consider "charged see-saw models" where the heavy fermions give a new-physics contribution m HHH µ ∼ λ LλLE λ E v 2 /M L M E to the muon mass m µ , which has the same chiral structure as the muon magnetic moment. As a consequence these two new physics effects are expected to be strongly correlated:
where c is an order one coefficient. We can analytically compute both effects in the limit in which the new heavy leptons are degenerate and much heavier than the W, Z bosons: in the six charged see-saw models we find:
This approximation does not apply to the L ⊕ N model, because in this case m HHH µ is accidentally zero, unlike ∆a µ . Figure 3 compares this approximation to generic scans in the six models of the newphysics contribution to the muon mass, m HHH µ versus the new-physics contribution to the muon anomalous magnetic moment, ∆a µ . The scan is restricted to values of parameters that satisfy the bounds from precision data discussed in section 4.1, and a full numeric computation of both ∆a µ and m HHH µ is performed. We assumed a Higgs mass m h = 120 GeV.
• The blue dots, which correspond to new leptons heavier than 300 GeV, lie along the lines corresponding to eq. (4.7). In the first L ⊕ E model, the new physics correction to a µ equals to the observed anomaly for m HHH µ ≈ −m µ /3.
• The red dots, which correspond to heavy leptons between 115 GeV and 300 GeV, have a larger spread along the line corresponding to eq. (4.7), which comes from the dependence of the loop functions on the mass ratios.
The spread is so large that in most models the observed a µ anomaly can be fitted without fine tunings in the special case where the muon mass totally comes from new physics, m HHH µ = m µ , corresponding to the +100% point in figure 3.
Signals at the LHC
The negative searches at LEP imply that all the multiplets we consider must be heavier than 100 GeV, with the only exception of N which has no gauge interactions. The LHC can significantly extend the experimental sensitivity.
Higgs decay rate into muons
One observable model-independent consequence of the modified Higgs structure of the muon mass term is the modified Higgs decay width into muons, 9) which is enhanced by a factor of 9 if the muon mass is dominated by the new term, |m HHH µ | |m H µ |. Such a signal has been studied in [34] . Mass M in GeV Figure 4 . Cross sections for fermion-antifermion pair production at LHC.
Production rates of new heavy leptons
Coming to the specific charged see-saw models, each one of them contains a particular set of heavy leptons with charges |Q| = 1 accompanied by extra neutral or doubly-charged leptons. The cross section for pair production is dominated by gauge interactions and fully predicted in terms of their quantum numbers. Using the results from [35, 36] , figure 4 shows the predicted cross sections for pair production of the charged ¯ leptons present in the various see-saw models. Production cross sections of particles with different charges Q and Q are comparable. We assumed the present LHC energy √ s = 7 TeV; for increased energies s the corresponding cross sections σ s are obtained by rescaling the axes as dictated by dimensional analysis:
Single production is subdominant (unless the heavy leptons are very heavy) and will be neglected.
Signatures of new heavy leptons
One SU(2) L multiplet of heavy leptons corresponds to the scenario studied under the name of "minimal matter" in [35, 36] : the signals have the generic form
where can be µ or ν µ and V can be W ± or Z or h; each one of them has various decay modes. So the signal splits into many channels and the event rate for each one of them is predicted in terms of the heavy lepton mass (the predicted rates are typically comparable). The situation is somehow analogous to the case of Higgs searches: combinations of various channels are needed to boost the sensitivity. In particular the authors of [35, 36] the main signals at LHC of the "unusual" L 3/2 and E a multiplets, together with the corresponding backgrounds: + + − / E T and + + − / E T jj. In the charged see-saw models one has at least two different new multiplets: the Yukawa interactions of "minimal matter" (heavy-lepton/lepton/Higgs) are supplemented by interactions among the new leptons and the Higgs in such a a way that contributions to the muon mass and magnetic moment are generated.
So the signals typical of "minimal matter" in eq. (4.11) get supplemented by extra signals: when the heavier multiplet is pair-produced, each one of them now has two decay modes: a) the one of "minimal matter" into V ; b) into L V where L is the lighter heavy lepton, that subsequently decays into V . This means that the final states V V of "minimal matter" can be supplemented by 0,1 or 2 extra V , obtaining the following final states:
As far as we know no dedicated searches have been so far performed by the LHC collaborations, although some results about multi-leptons appeared in the context of other searches, see e.g. [37] [38] [39] .
Renormalization up to higher energies
Extrapolation up to higher energy of the couplings in presence of the new heavy leptons at the weak scale shows that a better unification of the gauge couplings can be achieved in some cases, while in others the unification is worse. This is illustrated in figure 5 , where, as function of generic new-physics contributions to the RGE coefficients b 1 and b 2 for α 1 and α 2 , we show the region compatible with the measured strong coupling constant [40] α 3 (M Z ) = 0.1173 ± 0.0007. (4.13)
We ignored possible threshold corrections at the unification scale but considered 2-loop running effects. The vectors in figure 5 indicate the contributions to the RGE coefficients (b 1 , b 2 ) produced by any single new vector-like lepton present in the "charged see-saw models". For example in the L ⊕ E model one has to sum the vectors relative to L and E . The dots denote the sums obtained with 0, 1, 2, 3 copies of each heavy lepton. Notice however that the unification scale, defined as the energy at which α 1 = α 2 , is always below 10 16 GeV, and consequently the proton decay rate as predicted in SU(5) unification in 4 dimensions is too large (unless its nucleon matrix element has been miscomputed [41] ). As well known, new colored particles can avoid this problem but we will not explore this direction. RGE equations for the various Yukawa couplings have the form:
where X = − 9 4 (g 2 1 + g 2 2 ) + 3λ 2 top and coefficients have been computed in the L ⊕ E model. This means that the needed structure is stable under RGE. The muon Yukawa coupling is generated at low energy even if it vanishes at the high-energy scale; furthermore the new Yukawa terms in square brackets tend to reduce λ µ at low energy.
The Yukawa couplings can now satisfy the SU(5) relation λ µ = λ s at the GUT scale, given the extra freedom present in the model, both in the RGE and in the low-energy value of λ µ , no longer equal to m µ /v.
Conclusions
We classified the 6 "charged see-saw models" that can generate a contribution to the muon mass and to the muon magnetic moment. Such models only introduce new fermions around the weak scale: the motivation for avoiding new scalars (and consequently new massive vectors) comes from the interpretation of the smallness of the weak scale in terms of anthropic selection: the Higgs is anthropically relevant and must be unnaturally light, while extra scalars would be anthropic irrelevant and should be naturally heavy.
All these "charged see-saw models" have the following structure: the SM fields L (lepton doublet), E (lepton singlet) and H (Higgs doublet) are supplemented by new heavy leptons L and E with Yukawa couplings
such that L and E mix with L and E and the last Yukawa term becomes a contribution to the muon mass. Indeed, integrating out the heavy states (see figure 1) , one obtains the dimension-6 effective operator LEH|H| 2 , which gives a contribution m HHH µ to the muon mass m µ . Precision data allow for a muon mass totally produced by this new term.
As a consequence, the new physics contribution to the muon magnetic moment
is of the same order as the SM electroweak contribution
and thus comparable to the discrepancy suggested by experiments, see figure 3 .
We discussed other signatures of this model: a modified Higgs/muon coupling, and the presence of heavy leptons below a few TeV; possibly just above 100 GeV.
